The pounding tuned mass damper (PTMD) is a novel vibration control device that can be used for many different structures. The PTMD utilizes a viscoelastic delimiter to enhance its vibration control effectiveness and robustness though pounding between the tuned mass and the viscoelastic material. However, the viscoelastic material is subjected to repeated poundings during its service life, which influences the property of the material and degrades its energy dissipation ability. Therefore, this study investigates the fatigue behavior of the viscoelastic material under impact loading. An experimental apparatus, which can generate and sense the lateral impacts, is designed and fabricated to facilitate the fatigue study of the viscoelastic material subject to impact loading. Based on experimental data, the pounding stiffness and the hysteresis loops are employed to characterize the behavior of the material. It is revealed that the impact fatigue process can be divided into two phases: the cyclic-hardening phases and the cyclic-softening phase. The energy dissipation is firstly reduced, and then increased, by the repeated impacts. In summary, with a total of 360,000 impacts, the viscous elastic material is still effective in dissipating impact energy.
Introduction
The tuned mass damper (TMD) is a classical vibration control technique. Its concept dates back to 1909, when Frahm proposed a vibration control device called a dynamic vibration absorber [1] . Due to its simplicity and effectiveness, the TMD technology has been widely used in vibration mitigation for many types of structures. However, the vibration reduction efficiency will deteriorate if its frequency shifts away from the target value. To compensate for this de-tuning effect, many active and semi-active solutions were proposed. Semi-active vibration absorbers, which enabled real-time tuning of the frequency and the damping, were proposed by Weber and his collaborators [2] [3] [4] . Mishra et al. [5] replaced the linear spring in a traditional TMD with a spring made of shape memory alloy (SMA). The simulation results demonstrated significant improvements of the SMA-TMD in the control efficiency at a much reduced mass ratio compared with a linear TMD.
Although TMDs incorporated with smart materials can achieve improved control effectiveness and robustness, this combined system requires reliable instant feedback, which will increase the cost of the vibration control system. The pounding tuned mass damper (PTMD) employs the energy dissipation scheme through impacts, which dramatically improves its vibration reduction capacity. The schematics of the TMD and the PTMD are compared in Figure 1 . As shown in the figure, the essential difference between the PTMD and the regular TMD is a delimiter, which is covered by viscoelastic materials. When there is only a slight vibration of the primary structure, the tuned mass will vibrate freely between the two delimiters, and the PTMD will act as a traditional TMD. When the motion of the primary structure exceeds a certain level, the tuned mass will pound on the delimiter as an impact damper. Energy can be dissipated through the collision [6, 7] . In other words, the viscoelastic delimiter introduced the energy dissipation mechanism for impacts to the PTMD. Therefore, the PTMD is more effective than the regular TMD in vibration reduction [8, 9] . Another benefit of the viscoelastic delimiter is that it can enhance the robustness of the PTMD. According to the literature [9, 10] , in the off-tuned case, the relative motion between the tuned mass and the delimiter is larger than that of the optimal-tuned case. Therefore, in the off-tuned case, the added mass will impact the viscoelastic material more severely, generating a larger pounding force, resulting in larger momentum exchange and energy dissipation. This can compensate for the vibration effectiveness deteriorated by the detuning effect. essential difference between the PTMD and the regular TMD is a delimiter, which is covered by viscoelastic materials. When there is only a slight vibration of the primary structure, the tuned mass will vibrate freely between the two delimiters, and the PTMD will act as a traditional TMD. When the motion of the primary structure exceeds a certain level, the tuned mass will pound on the delimiter as an impact damper. Energy can be dissipated through the collision [6, 7] . In other words, the viscoelastic delimiter introduced the energy dissipation mechanism for impacts to the PTMD. Therefore, the PTMD is more effective than the regular TMD in vibration reduction [8, 9] . Another benefit of the viscoelastic delimiter is that it can enhance the robustness of the PTMD. According to the literature [9, 10] , in the off-tuned case, the relative motion between the tuned mass and the delimiter is larger than that of the optimal-tuned case. Therefore, in the off-tuned case, the added mass will impact the viscoelastic material more severely, generating a larger pounding force, resulting in larger momentum exchange and energy dissipation. This can compensate for the vibration effectiveness deteriorated by the detuning effect. Even though the impacts of the viscoelastic material have improved the vibration effectiveness and robustness of the PTMD, the repeated impacts may damage the material and deteriorate its long term performance [11] [12] [13] . Moreover, the PTMD is often applied to structures located in extreme environments (e.g., subsea jumpers and offshore platforms). Therefore, it is expected to function well for two or more decades, since it is very difficult to repair or replace the PTMD. During long-term service, a PTMD may undergo many cycles of impacts. The repeated impacts may damage the viscoelastic material and degrade its vibration control effectiveness. Thus, it is necessary to conduct an impact-fatigue study of the viscoelastic material.
Over the past decades, the viscoelastic material has been intensively studied [14] [15] [16] . Carbone et al. proposed a new experimental device to investigate the crack propagation in viscoelastic materials [17] . Putignano et al. investigated the contact mechanics between rough surfaces of the viscoelastic materials [18] . Carbone and Putignano proposed a methodology to numerically investigate the steady-state sliding or rolling contact of viscoelastic materials [19] . Several studies have focused on the impact fatigue property of the viscoelastic material. In order to apply different types of impacts, researchers have proposed several testing machines, such as weight dropping machines [20] [21] [22] , swinging pendulum machines [23] , and rotary machines [24] . Influencing parameters, such as testing temperature [25] , the number of impacts [23] and contact time [22] , were studied. However, these studies focus mainly on the tensile fatigue of the viscoelastic material, while the viscoelastic material of the PTMD only undertakes the compressional impacts. Moreover, the samples investigated in the literature are manufactured as thin plates, and these studies mainly focus on the fracture process of the samples. These studies are all different from the dynamic loadings that a viscoelastic material will experience in the PTMD. Therefore, an impact-fatigue study on the viscoelastic material of the PTMD is still necessary. Even though the impacts of the viscoelastic material have improved the vibration effectiveness and robustness of the PTMD, the repeated impacts may damage the material and deteriorate its long term performance [11] [12] [13] . Moreover, the PTMD is often applied to structures located in extreme environments (e.g., subsea jumpers and offshore platforms). Therefore, it is expected to function well for two or more decades, since it is very difficult to repair or replace the PTMD. During long-term service, a PTMD may undergo many cycles of impacts. The repeated impacts may damage the viscoelastic material and degrade its vibration control effectiveness. Thus, it is necessary to conduct an impact-fatigue study of the viscoelastic material.
Over the past decades, the viscoelastic material has been intensively studied [14] [15] [16] . Carbone et al. proposed a new experimental device to investigate the crack propagation in viscoelastic materials [17] . Putignano et al. investigated the contact mechanics between rough surfaces of the viscoelastic materials [18] . Carbone and Putignano proposed a methodology to numerically investigate the steady-state sliding or rolling contact of viscoelastic materials [19] . Several studies have focused on the impact fatigue property of the viscoelastic material. In order to apply different types of impacts, researchers have proposed several testing machines, such as weight dropping machines [20] [21] [22] , swinging pendulum machines [23] , and rotary machines [24] . Influencing parameters, such as testing temperature [25] , the number of impacts [23] and contact time [22] , were studied. However, these studies focus mainly on the tensile fatigue of the viscoelastic material, while the viscoelastic material of the PTMD only undertakes the compressional impacts. Moreover, the samples investigated in the literature are manufactured as thin plates, and these studies mainly focus on the fracture process of the samples. These studies are all different from the dynamic loadings that a viscoelastic material will experience in the PTMD. Therefore, an impact-fatigue study on the viscoelastic material of the PTMD is still necessary.
This paper presents an experimental study of the impact fatigue process of the viscoelastic material of the PTMD. The experimental device is based on a prototype PTMD used for the vibration control of pipeline structures. It is specially designed to generate cyclic lateral impacts on the specimen. The pounding stiffness is employed to interpret the fatigue process of the viscoelastic material.
Impact-Fatigue Test
The impact-fatigue test is performed by using the experimental apparatus shown in Figure 2 . The device consists of an L-shape structure, an exciter, an impact component, and sensors. The L-shape structure is made up of two steel rods and an added mass. The two steel rods are placed in the vertical and horizontal direction; their diameter is 12 mm. The added mass is fixed at the free end of the horizontal rod, and its mass is 1.5 kg. The exciter includes a motor (Pololu, Las Vegas, NV, USA) and an unbalanced mass. It can force the L-shape structure to oscillate in the vertical direction, and the horizontal rod will collide with the impact component under it. The specimen, which is adhered on the surface of the impact component, is a seven-layer 3 M VHB4936 dual adhesive viscoelastic material (Minnesota Mining and Manufacturing, St. Paul, MN, USA), which is also used in the actual PTMDs. Beneath the specimen, a load cell is installed to measure the pounding force. A laser sensor is placed 100 mm beneath the mass block to measure the displacement of the mass. The sampling frequency is 1 kHz. The testing temperature was kept around 20 • C. This paper presents an experimental study of the impact fatigue process of the viscoelastic material of the PTMD. The experimental device is based on a prototype PTMD used for the vibration control of pipeline structures. It is specially designed to generate cyclic lateral impacts on the specimen. The pounding stiffness is employed to interpret the fatigue process of the viscoelastic material.
The impact-fatigue test is performed by using the experimental apparatus shown in Figure 2 . The device consists of an L-shape structure, an exciter, an impact component, and sensors. The L-shape structure is made up of two steel rods and an added mass. The two steel rods are placed in the vertical and horizontal direction; their diameter is 12 mm. The added mass is fixed at the free end of the horizontal rod, and its mass is 1.5 kg. The exciter includes a motor (Pololu, Las Vegas, NV, USA) and an unbalanced mass. It can force the L-shape structure to oscillate in the vertical direction, and the horizontal rod will collide with the impact component under it. The specimen, which is adhered on the surface of the impact component, is a seven-layer 3 M VHB4936 dual adhesive viscoelastic material (Minnesota Mining and Manufacturing, St. Paul, MN, USA), which is also used in the actual PTMDs. Beneath the specimen, a load cell is installed to measure the pounding force. A laser sensor is placed 100 mm beneath the mass block to measure the displacement of the mass. The sampling frequency is 1 kHz. The testing temperature was kept around 20 °C. 
Results and Discussion

Changes of Appearance
During the impact-fatigue test, the cyclic impact load was stopped every 10,000 times. A photo was taken at each interval. Figure 3 shows the appearances of the sample after these impacts. The tape in grey color is the viscoelastic material, and the tape in white color with red letters are the outer packing of the viscoelastic tape. As the cycles increase, the impact area increases, and the thickness of the sample decreases. After 360,000 cycles (Figure 3g ), the viscoelastic material was severely damaged, and the metal was exposed in some areas. 
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Changes of Appearance
During the impact-fatigue test, the cyclic impact load was stopped every 10,000 times. A photo was taken at each interval. Figure 3 shows the appearances of the sample after these impacts. The tape in grey color is the viscoelastic material, and the tape in white color with red letters are the outer packing of the viscoelastic tape. As the cycles increase, the impact area increases, and the thickness of the sample decreases. After 360,000 cycles (Figure 3g ), the viscoelastic material was severely damaged, and the metal was exposed in some areas. Figure 3 . Surface of the sample after cyclic impacts: (a) after 10,000 cycles; (b) after 50,000 cycles; (c) after 100,000 cycles; (d) after 150,000 cycles; (e) after 200,000 cycles; (f) after 250,000 cycles; (g) after 360,000 cycles.
Fatigue Effect on Pounding Stiffness
In previous studies [8] , it was found that the most accurate pounding force model was based on a Hertz contact element, in conjunction with a damper that is active only during the approaching period of the impact. The mathematical expression is as follows:
(approach period of impact) (restitution period of impact) c F (1) where δ describes the deformation of the colliding bodies; δ  denotes the relative velocity between them; β is the pounding stiffness; and c is the pounding damping which at any instant of time can be obtained by: 
where 1 m and 2 m are the masses of the two colliding bodies, and ξ is the impact damping ratio correlated with the coefficient of restitution e , which is defined as the relation between the post-impact (final) relative velocity, f δ  and the prior-impact (initial) relative velocity, 0 δ  .
In this study, the pounding force and the displacement of the colliding bodies are recorded every 10,000 cycles. Based on this data, the pounding stiffness can be estimated by the Curve Fitting Toolbox in MATLAB/Simulink. Figure 4 shows the pounding force model established in MATLAB/ Simulink. The estimation method is a nonlinear least-squares method. Figure 5 shows the variation of the pounding stiffness versus the number of impacts. As shown in the figure, the impact fatigue process can be divided into two phases. The first phase is from the Figure 3 . Surface of the sample after cyclic impacts: (a) after 10,000 cycles; (b) after 50,000 cycles; (c) after 100,000 cycles; (d) after 150,000 cycles; (e) after 200,000 cycles; (f) after 250,000 cycles; (g) after 360,000 cycles.
where δ describes the deformation of the colliding bodies;
. δ denotes the relative velocity between them; β is the pounding stiffness; and c is the pounding damping which at any instant of time can be obtained by:
where m 1 and m 2 are the masses of the two colliding bodies, and ξ is the impact damping ratio correlated with the coefficient of restitution e, which is defined as the relation between the post-impact (final) relative velocity, .
δ f and the prior-impact (initial) relative velocity, . δ 0 . In this study, the pounding force and the displacement of the colliding bodies are recorded every 10,000 cycles. Based on this data, the pounding stiffness can be estimated by the Curve Fitting Toolbox in MATLAB/Simulink. Figure 4 shows the pounding force model established in MATLAB/Simulink. The estimation method is a nonlinear least-squares method.
Appl. Sci. 2018, 8, 117 5 of 8 Figure 5 shows the variation of the pounding stiffness versus the number of impacts. As shown in the figure, the impact fatigue process can be divided into two phases. The first phase is from the beginning to 180,000 cycles. In this phase, the viscoelastic material was compressed, and the thickness was reduced by the repeated impacts. The pounding stiffness was increased from 15,000 N/m 1.5 to 35,000 N/m 1.5 . This phenomenon can be regarded as cyclic-hardening. After that, even though the cyclic impacts again compress the viscoelastic material and reduce its thickness, the pounding stiffness was decreased from 35,000 N/m 1.5 to 9000 N/m 1.5 . This implied that the viscoelastic was softened by the continued impacts. This phenomenon was referred as cyclic-softening.
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Changes of Hysteresis Loops
In order to further investigate the influence on the mechanical property of the viscoelastic material, the hysteresis loops of the material after repeated impacts are plotted in Figure 6 . The solid lines show the hysteresis loops before the impact fatigue test, and the dash dot lines are the hysteresis loops after 180,000 cycles of impacts. The dashed lines are the hysteresis loops after 350,000 cycles of impacts. The curves also indicated a cyclic-hardening process and a cyclic-softening process. The slope of the hysteresis loops can indicate the stiffness of the viscoelastic material. The slope of the dash dot line is steeper than that of the solid line and the dashed line, which implies that the material after 180,000 impacts is stiffer than the initial condition and after 350,000 impacts.
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The hysteresis loop can also reflect the energy dissipation ability. The area surrounded by the solid line is smaller than that of the dash dot line and the dashed line, which indicates that the viscoelastic material after 180,000 impacts can consume less energy than the initial condition and than after 350,000 impacts.
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6 of 8 Figure 6 . Typical hysteresis loops of the viscoelastic material after cyclic impacts.
Changes of the Dissipated Energy per Cycle
To further quantify the damping effect of the viscoelastic material, the energy dissipated per cycle is calculated as follows:
where W Δ denotes the dissipated energy; F is the impact force, and δ denotes the deformation of the viscoelastic material. Due to the limitation of the experimental apparatus, the intensity of impact is not precisely controlled. Since W Δ can be influenced by the impact intensity, a normalized parameter W Δ is defined as
where is the maximum impact depth. 
where ∆W denotes the dissipated energy; F is the impact force, and δ denotes the deformation of the viscoelastic material. Due to the limitation of the experimental apparatus, the intensity of impact is not precisely controlled. Since ∆W can be influenced by the impact intensity, a normalized parameter ∆W is defined as
where δ max is the maximum impact depth. Figure 7 shows the dissipated energy as a function of the number of impact cycles. In the initial condition, the viscoelastic material dissipated an average energy of 51.29 J/m per cycle. Then, ∆W was decreased by the repeated impacts. After 180,000 cycles, it was decreased to 45.14 J/m per cycle. After that, ∆W was increased with more impacts. When it was impacted the 350,000th time, it reached 48.83 J/m per cycle.
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where is the maximum impact depth. Figure 7 shows the dissipated energy as a function of the number of impact cycles. In the initial condition, the viscoelastic material dissipated an average energy of 51.29 J/m per cycle. Then, W Δ was decreased by the repeated impacts. After 180,000 cycles, it was decreased to 45.14 J/m per cycle.
After that, W Δ was increased with more impacts. When it was impacted the 350,000th time, it reached 48.83 J/m per cycle. 
Conclusions
A specially designed impact-fatigue testing device was established to investigate the fatigue trend of the viscoelastic material used in the PTMD. The pounding stiffness was employed to interpret the property of the viscoelastic material. A cyclic-hardening process and a cyclic-softening process were recognized. During the first 180,000 cycles of impacts, the viscoelastic material tapes were compressed together, their thickness was reduced, and the pounding stiffness was increased from its initial value of 15,000 N/m 1.5 to 35,000 N/m 1.5 . This is referred to as a cyclic-hardening process. Afterward, pounding stiffness of the viscoelastic material was decreased to 9000 N/m 1.5 with more strikes. This is referred to as a cyclic-softening process. The hysteresis loops and dissipated energy per cycle also reveal the cyclic-hardening and cyclic-softening processes. In summary, with a total of 360,000 impacts, the viscous elastic material is still effective in dissipating impact energy.
